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Biogas  generated  in  the  anaerobic  digestion  of  biomass  and  organic  wastes  by  micro-organisms  can  be 
applied  for  heating,  transportation  and  power  generation  as  a  renewable  energy  source.  However,  low 
calorific  value  (LCV)  of  biogas  is  one  the  most  important  bottlenecks  of  biogas  conversion  into  electrical 
or  thermal  energy.  Indeed,  the  presence  of  corrosive  gases  such  as  H2S  and  water  vapor  in  biogas  com¬ 
ponents  makes  some  dilemmas  in  biogas  purification  and  utilization.  In  order  to  obtain  the  efficient  bio¬ 
gas  utilization  method,  different  biogas  resources,  physical  and  chemical  properties  of  biogas  and  biogas 
combustion  characteristics  should  be  considered.  In  this  paper  biogas  was  utilized  in  lab-scale  flameless 
combustion  furnace  and  the  performance  of  flameless  combustion  chamber  fueled  by  biogas  has  been 
presented.  Results  demonstrated  that  flameless  combustion  is  one  of  the  best  feasible  strategies  for  bio¬ 
gas  utilization.  Uniformity  of  temperature  in  the  flameless  furnace  increases  the  durability  of  refractory 
and  related  equipment.  Simplicity  of  the  flameless  burner,  pollutant  formation  reduction  and  fuel  con¬ 
sumption  decreases  are  the  main  causes  of  biogas  flameless  combustion  supremacy. 
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1.  Introduction 

Fossil  fuel  depletion  and  the  increasing  rate  of  pollutant  forma¬ 
tion  have  encouraged  scientists  to  find  environmentally  friendly 
alternative  fuels  to  guarantee  the  secure  energy  provision  and  peo¬ 
ple  health.  Besides,  clean  development  strategies  have  conducted 
combustion  technologies  to  fuel  consumption  reduction  and  low 
pollutant  formation  to  attain  sustainable  purposes.  Experimental 
investigations  confirm  that  biomass  has  shown  its  compatibility 
with  current  combustion  systems  and  biomass  has  promised  to 
be  applied  as  an  alternative  fuel  to  solve  the  future  fossil  fuel  short¬ 
age.  Biogas  utilization  and  production  technology  offered  in  bio¬ 
mass  category  to  meet  a  portion  of  energy  demand  of  the  world. 
Therefore,  biogas  users  must  have  comprehensive  knowledge  of 
the  available  technological  options  for  biogas  utilization.  Indeed, 
general  knowledge  of  the  physical  and  chemical  properties  and 
combustion  characteristics  of  the  biogas  is  needed  to  have  efficient 
combustion.  Also,  the  required  systems  for  biogas  storage,  trans¬ 
portation  and  clean  up  comparison  are  selected  based  on  all  of  this 
information  [1,2].  Totally,  the  best  system  selection  for  biogas  con¬ 
version  into  thermal  energy  for  transportation,  gas  turbine,  heat¬ 
ing,  lighting  and  small-scale  power  generation  is  the  main  target 
of  biogas  production  and  utilization  steps  [3].  Among  various  envi¬ 
ronmentally  friendly  combustion  technologies  emerged  in  recent 
decade,  flameless  combustion  has  been  attracted  more  attentions 
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due  to  its  excellence  such  as  fuel  consumption  reduction,  stability 
of  combustion,  temperature  uniformity  and  low  pollutant  forma¬ 
tion  [4].  Generally,  preheating  the  diluted  oxidizer  over  the  self¬ 
ignition  of  the  fuel  is  the  main  key  of  flameless  combustion 
achievement  [5].  Thermal  and  chemical  structures  of  diluted  bio¬ 
gas  by  nitrogen  in  counter-flow  diffusion  flames  were  investigated 
by  Jahangirian  et  al.  [6].  It  was  found  that  by  biogas  utilization  the 
net  emission  of  three  greenhouse  gases  C02,  CH4  and  N20  de¬ 
creased  drastically  in  comparison  with  pure  methane  [6].  Perfor¬ 
mance  evaluation  of  flameless  combustion  furnace  fueled  by 
natural  gas  and  biogas  was  investigated  by  Colorado  et  al.  [7].  It 
has  been  stated  that  flameless  combustion  technology  has  great 
capability  to  apply  LCV  fuels  like  biogas  as  a  fuel  [7].  Biogas  flame¬ 
less  combustion  has  great  capability  to  reduce  pollutant  constitu¬ 
tion  especially  soot  formation  [8].  Since  biogas  purification  is 
very  expensive  and  its  conventional  combustion  in  industrial  boil¬ 
ers  is  not  feasible,  flameless  combustion  as  the  best  method  for 
biogas  utilization  has  been  investigated  in  this  paper. 

2.2.  Biogas  main  resources 

The  distinction  point  of  biogas  production  system  from  other 
biofuels  is  its  power  point  in  collecting  the  organic  waste  materials 
and  producing  irrigation  water  and  fertilizer  simultaneously.  Bio¬ 
gas  production  is  not  complicated  process  and  unlike  other  alter¬ 
native  fuel  forms  does  not  have  any  geographical  limitations  [9]. 
Municipal  solid  waste  (MSW),  coal  mining,  rice  paddies,  rising 
main  sewers,  landfills  and  old  waste  deposits,  anaerobic  digestions, 
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cattle  ranching  and  agricultural  products  are  the  main  sources  of 
biogas  in  the  world  [10-18].  Moreover,  the  increasing  rate  of  world 
population  is  the  main  cause  of  food  industries  and  especially  ani¬ 
mal  husbandry  development  and  one  of  the  most  important 
sources  of  CH4  in  the  world  is  animal  husbandry  [19].  It  has  been 
proven  that  more  than  15%  of  global  methane  generation  is  related 
to  CH4  emission  from  ruminants  and  biogas  capturing  from  live¬ 
stock  dung  and  energy  generation  from  waste  gases  have  become 
routine  process  in  many  countries  [20].  The  appropriate  strategies 
in  waste  water  recirculation  can  increase  the  possibility  of  biogas 
generation  as  a  renewable  fuel  from  these  waste  materials  [21]. 
Around  90-95%  of  natural  gas  is  methane,  but  in  biogas  the  rate 
of  methane  depends  on  feedstock  decreases  to  the  values  of  55- 
65%.  Therefore,  biogas  is  a  low  calorific  value  (LCV)  gas  or  low 
grade  natural  gas.  Generally,  the  collected  biogas  is  purified  and 
its  impurities  like  water  and  sulfuric  gases  removed.  The  biogas 
purification  method  and  combustion  improvement  strategies  are 
designed  based  on  composition  of  biogas.  The  general  composition 
of  biogas  has  been  shown  in  Table  1  [22]. 

2.2.  Biogas  general  characteristics 

In  ideal  conditions  40-80%  of  biogas  is  constituted  by  CH4  and 
at  the  standard  pressure  and  temperature  the  lower  heating  value 
of  CH4  is  about  34,300  kj/m3.  Therefore,  the  lower  heating  value  of 
biogas  is  approximately  13,720-27,440  kj/m3.  However,  in  biogas 
heating  value  determination,  the  heating  value  of  the  whole  com¬ 
ponents  should  be  taken  into  consideration.  It  means  that  the  heat¬ 
ing  value  of  non-combustible  specious  like  C02  should  be  taken 
into  account.  Also,  the  noticeable  effects  of  water  vapor  on  lower 
heating  value,  air-fuel  ratio,  biogas  flammability  limits  and  flame 
temperature  should  not  be  neglected.  The  physical  characteristics 
of  biogas  are  usually  modeled  by  C02  and  CH4  because  more  than 
98%  of  biogas  is  a  combination  of  these  two  gases.  However,  hydro¬ 
gen  sulfide  (H2S)  and  water  vapor  removal  process  are  vital  in  bio¬ 
gas  production  process  due  to  their  crucial  role  in  equipment 
corrosion  especially  burner  and  boiler  in  conventional  combustion 
chambers.  Chemical  and  physical  characteristics  of  CH4  and  C02  as 
the  main  components  of  biogas  have  been  presented  in  Table  2. 

In  order  to  achieve  an  effective  biogas  conventional  combustion 
some  pretreatments  should  be  done  in  biogas  production  step.  H2S 
and  water  as  biogas  corrosive  constituents  and  other  useless  com¬ 
ponents  of  biogas  such  as  C02,  N2  and  hydrocarbons  should  be  re¬ 
moved  to  obtain  better  traditional  combustion.  A  summary  of 
biogas  pretreatments  for  elimination  of  detrimental  components 
are  presented  in  Table  3  [23]. 

2.  Biogas  combustion 

2.2.  Biogas  flame  velocity  and  temperature 

The  velocity  of  flame  plays  crucial  role  in  the  burner  design  in 
conventional  combustion.  The  rate  of  injected  fuel  and  air  to  the 
burner  should  be  matched  to  flame  velocity  to  prevent  blowing 


Table  1 

Biogas  general  composition. 


Biogas  components 

Typical  analysis  (%  by  volume) 

Methane  (CH4) 

55-65 

Carbon  dioxide  (C02) 

35-45 

Hydrogen  sulfide  (H2S) 

0-1 

Nitrogen  (N2) 

0-3 

Hydrogen  (H2) 

0-1 

Oxygen  (02) 

0-2 

Ammonia  (NH3) 

0-1 

out  the  flame.  Compared  to  the  natural  gas  the  biogas  flame  veloc¬ 
ity  decreases  due  to  lower  concentration  of  CH4  in  biogas.  There¬ 
fore,  in  biogas  conventional  combustion  the  flow  rates  of  air  and 
fuel  injected  to  the  burner  should  be  decreased  to  prevent  flame 
blow  out.  The  maximum  velocity  of  the  flame  is  occurred  at  the 
stoichiometric  air  to  fuel  ratio.  The  other  important  parameter  in 
the  performance  of  combustion  systems  is  the  flame  temperature. 
The  design  of  refractory,  insulation  and  other  heat  recovery  equip¬ 
ment  of  combustion  systems  are  done  based  on  the  flame  temper¬ 
ature  of  the  fuel  because  the  rates  of  heat  transfer  from 
combustion  system  and  flame  temperature  of  combustible  mixture 
have  a  direct  proportion.  In  traditional  combustion  condition  the 
flame  temperature  of  biogas  is  lower  than  natural  gas  due  to  pre¬ 
sents  of  non-combustible  components  such  as  C02  and  water  va¬ 
por  [24]. 

2.2.  Biogas  flameless  combustion 

Biogas  direct  combustion  in  the  furnace  named  conventional 
combustion  is  the  simplest  method  of  biogas  utilization.  Since  bio¬ 
gas  characteristics  compared  to  natural  gas  are  totally  different, 
some  substantial  modification  in  control  system,  fuel  delivery  sys¬ 
tem,  burner  and  orifice  should  be  done  to  upgrade  the  combustion 
system  for  biogas  utilization.  In  the  other  hand,  low  calorific  value 
of  biogas  is  the  great  obstacle  for  biogas  conventional  combustion. 
Furthermore,  biogas  upgrading  for  C02  elimination  from  biogas 
components  is  very  expensive  process.  All  of  aforementioned  dis¬ 
advantages  can  be  removed  by  biogas  flameless  combustion  be¬ 
cause  flameless  method  can  work  well  with  extremely  small  LCV 
fuels  and  C02  removal  from  biogases  is  not  necessary  because 
C02  is  applied  to  dilute  the  oxidizer.  Indeed,  ceramic  which  is  ap¬ 
plied  in  the  burner  and  refractory  of  flameless  furnace  is  a  resistant 
in  front  of  corrosive  components  of  biogas  like  water  vapor  and 
H2S.  In  natural  gas  flameless  combustion  the  reactants  are  natural 
gas  and  highly  diluted  air.  Also,  the  inside  temperature  of  the 
flameless  furnace  should  be  above  the  self-ignition  temperature 
of  the  natural  gas.  In  these  conditions  traditional  flame  is  not  stable 
and  the  flame  lifts.  In  the  other  word,  due  to  low  oxygen  concentra¬ 
tion  and  high  Reynolds  number  for  oxidizer,  the  flame  structure  is 
changed  and  the  conventional  flame  is  disappeared  [25].  In  order 
to  achieve  flameless  combustion,  combustion  system  should  be 
run  in  traditional  mode  at  the  first  step.  This  preheating  step  pre¬ 
vents  reaction  from  quenching  and  increases  the  flameless  cham¬ 
ber  temperature  above  the  self-ignition  temperature  of  the  fuels 
(normally  more  than  1000  I<).  When  the  temperature  inside  the 
furnace  raises  adequately,  the  reactance  jet  velocity  increased, 
therefore  the  flame  is  disappeared  and  the  furnace  average  tem¬ 
perature  declines,  this  zone  also  is  named  as  instability  zone.  Vis¬ 
ible  and  audible  flame  is  eliminated  and  the  reaction  region 
spreads  to  the  downstream  zone  of  the  chamber.  Therefore,  tem¬ 
perature  distribution  is  uniform  along  the  flameless  chamber,  hot 
spots  are  eliminated  and  thermal  NOx  formation  suppressed  [26]. 

3.  Methodology 

3.2.  Experimental  set  up 

Carbon  steel  pipe  with  264  mm  diameter  and  600  mm  length 
applied  as  the  flameless  furnace.  An  especial  ceramic  made  by  local 
factories  used  as  refractory  inside  the  chamber  to  maintain  the  in¬ 
side  temperature.  The  real  diameter  of  the  chamber  is  150  mm 
after  installation  of  refractory.  Five  holes  have  been  set  at  the  top 
of  the  chamber  in  specific  distances  from  burner  for  K-type  ther¬ 
mocouples  installation.  Fig.  1  shows  the  furnace  before  equipment 
installation  and  Fig.  2  is  a  picture  of  the  combustion  system  during 
installation. 
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Table  2 

Physical  and  chemical  properties  of  C02  and  CH4. 


Physical  and  chemical 
properties3 

C02 

ch4 

Specific  gravity,  air  =  lb 

1.52 

0.554 

Specific  volume 

0.55  m3/ 
kg 

1.51  m3/kg 

Heat  capacity,  Cp@  101  kPa 

858  J/kg  k 

2261  J/kg  k 

cP/cv 

1.303 

1.307 

Limit  of  inflammability 

_ 

5-15%  by  volume 

Stoichiometry  in  air 

- 

0.0947  by  volume  0.0581  in 

mass 

a  Pure  gas  properties  are  given  at  atmospheric  pressure  and  25  °C. 
b  Air  at  101  kPa,  15.6  °C. 


Fig.  1.  The  shape  of  the  furnace  before  equipment  installation. 


Table  3 

Biogas  pretreatments  for  elimination  of  detrimental  components. 


Components 

Main  process 

Process 

H2S  and  C02 

Adsorption 

Molecular  sieves 

Activated  carbon 

Membrane 

Separation 

Hollow  fiber  membrane 

Absorption 

Organic  solvents 

Alkanolamines 

Alkaline  salt  solution 

Water  vapor 

Adsorption 

Silica  gel 

Molecular  sieves 

Alumina 

Absorption 

Selexol 

Ethylene  glycol 

Refrigerating 

Chilling  to  2  °C 

Hydrocarbons 

Adsorption 

Activated  carbon 

Absorption 

Ethylene  glycol 

Lean  oil  absorption 

Selexol 

Combination 

Refrigeration  with  ethylene  glycol  plus 
activated  carbon  adsorption 

The  required  air  for  combustion  provided  by  a  fan  and  the  fresh 
air  preheated  by  furnace  exhaust  gases  in  a  heat  exchanger. 
Although,  using  regenerative  or  recuperative  heat  exchangers  have 
been  mentioned  as  the  best  equipment  for  heat  recovery  in  flame¬ 
less  combustion  method,  they  are  very  expensive  [27].  In  our  lab- 
scale  investigation  an  auxiliary  electrical  heater  was  used  to  keep 
the  air  temperature  over  the  auto-ignition  temperature  of  biogas. 
Gas  and  air  flow  rate  controllers,  gas  analyzer,  suitable  control 
valves,  digital  temperature  indicator,  biogas  and  CH4  capsules  are 
the  other  components  applied  in  this  project.  Fig.  3  illustrates  the 
schematic  of  project  experimental  set  up. 

3.2.  Burner 

One  of  the  most  important  advantages  of  flameless  combustion 
systems  is  the  simplicity  of  the  burner.  A  blind  flange  with  nine 
holes  plays  the  burner’s  role  in  this  experiment.  The  central  hole 
has  been  contrived  for  biogas  injection  and  others  have  been  ded¬ 
icated  for  preheated  air  injection.  At  the  first  step  the  burner  was 
operated  conventionally  fueled  by  CH4  in  order  to  heat  up  the  walls 
of  the  chamber  over  the  biogas  self-ignition  temperature  and  then 
the  system  switched  to  flameless  combustion  mode.  Fig.  4  demon¬ 
strates  the  configuration  of  the  burner. 

4.  Implementation  of  the  flameless  combustion  process 

Initially,  the  combustion  chamber  operated  conventionally 
fueled  by  CF14  to  heat  up  the  chamber.  During  traditional  mode, 
the  exhaust  gases  are  evacuated  through  valve  4  and  heat  exchan¬ 
ger  and  auxiliary  heater  were  not  used,  therefore  compared  to  the 


Fig.  2.  Combustion  system  during  installation. 


flameless  mode  the  efficiency  of  the  system  is  lower  in  conven¬ 
tional  combustion.  Table  4  illustrates  the  situation  of  various  con¬ 
trol  valves  which  were  mentioned  in  Fig.  1  in  different  steps. 

Transient  from  conventional  flame  to  flameless  combustion 
implemented  when  the  furnace  heat  up  adequately  and  the  tem¬ 
perature  inside  the  chamber  was  higher  than  1300  K.  In  this  step 
CFI4  injection  was  stopped.  Also,  exhaust  gases  was  led  to  the  heat 
exchanger.  Finally,  biogas  was  conducted  to  the  combustion  sys¬ 
tem  immediately  and  auxiliary  heater  was  used  when  the  temper¬ 
ature  inside  the  chamber  decreased.  During  biogas  flameless  mode 
total  flue  gas  flow  rate  was  extracted  through  the  heat  exchanger. 
A  process  at  1050  I<  was  simulated  and  the  average  temperature  of 
the  walls  was  held  over  1070  I<  to  ensure  the  auto-ignition  of  bio¬ 
gas  during  the  experiment.  The  air  combustion  was  preheated  at 
950  K  during  the  operation  in  flameless  mode.  During  the  experi¬ 
ment  some  parameters  were  measured  to  evaluate  the  perfor¬ 
mance  of  the  combustion  system.  Temperature  of  the  horizontal 
axes  at  the  middle  of  the  furnace  recorded  permanently  by  temper¬ 
ature  indicators  connected  to  the  K-type  thermocouple.  Also,  the 
inner  chamber  walls  temperature  was  recorded  frequently.  Indeed, 
the  history  of  air,  biogas  and  CF14  flow  rates  and  exhaust  gases  dur¬ 
ing  conventional  CH4  combustion  and  biogas  flameless  combustion 
were  recorded.  The  flow  rates  were  measured  with  mass  flow  me¬ 
ters.  Also,  pressures  and  temperatures  were  measured  by  different 
gages  for  each  flow.  Furthermore,  a  type  of  gas  analyzer  was  ap¬ 
plied  to  analysis  the  species  of  different  pollutants  in  exhaust  gases 
pipe. 

5.  Results  and  discussion 

5.1.  Temperature  profile 

The  recorded  temperature  profiles  along  the  central  axis  of  the 
furnace  during  CH4  conventional  combustion  and  biogas  flameless 
combustion  have  been  illustrated  in  Fig.  5. 
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Fig.  3.  Experimental  set  up. 


Table  4 

Situation  of  various  control  valves  in  different  steps. 


Control  valve 

Step  1 

Step  2 

Step3 

1 

Close 

Close 

Open 

2 

Open 

Close 

Close 

3 

Open 

Open 

Open 

4 

Open 

Close 

Close 

5 

Close 

Open 

Open 

The  temperature  of  the  biogas  flameless  mode  is  lower  than  CH4 
conventional  combustion  in  whole  of  the  furnace.  However,  in  con¬ 
ventional  combustion,  temperature  fluctuated  from  one  point  to 
the  other  point  of  the  chamber  and  hot  spots  can  be  constituted 
easily.  In  flameless  combustion  the  temperature  inside  the  furnace 
was  uniform  averagely  1050  K.  The  increased  amount  of  C02  flow¬ 
ing  in  the  combustion  furnace  cools  down  the  combustion  reac¬ 
tions  lowering  the  chamber’s  temperature.  Also,  C02  has  superior 
cooling  effects  due  to  its  high  heat  capacity  (Cp)  at  high  tempera¬ 


tures  and  its  enhanced  radiation  characteristics  allow  it  to  absorb 
more  radiation  from  the  reaction  zone.  These  circumstances  con¬ 
duct  the  system  to  a  temperature  reduction  of  the  chamber  walls. 
These  results  are  in  agreement  with  the  other  experiments  con¬ 
ducted  by  Szego  et  al.  [28]  and  Dally  et  al.  [29].  Hosseini  et  al. 
[27]  stipulated  that  flat  temperature  profile  inside  the  furnace  in¬ 
creases  the  durability  of  the  industrial  chamber’s  refractory;  there¬ 
fore  hot  spots  elimination  and  the  uniformity  of  the  temperature 
inside  the  flameless  chamber  are  the  main  advantages  of  the  biogas 
flameless  combustion.  Conversely,  in  traditional  combustion  with 
methane  a  temperature  peak  was  occurred  near  the  burner.  Yang 
et  al.  [30]  defined  a  ratio  for  temperature  uniformity  inside  the 
chambers  to  evaluate  the  temperature  uniformity  as  follows: 


where  Ru  is  a  temperature  uniformity  ratio,  T(  K)  represents  the 
measured  temperature  in  every  point  of  the  furnace,  and  T  is  the 
average  temperature.  In  flameless  combustion  Ru  should  tend  to 
zero  because  the  difference  between  T  and  T  in  every  point  of  the 
furnace  is  very  small.  In  order  to  asses  Ru  in  this  experiment  all 
the  recorded  temperature  of  the  horizontal  axes  at  the  middle  of 
the  furnace  were  employed  and  Ru  was  equal  to  0.05.  Reynolds 
number  of  the  biogas  central  jet  was  around  20,500  and  the  pre¬ 
heated  air  stream  velocity  was  held  constant  around  85  m/s,  there¬ 
fore  the  temperature  uniformity  regarding  the  biogas  is  a 
consequence  of  the  turbulence  circumstance  and  mixing  patterns 
improvement.  Indeed,  the  presence  of  C02  which  is  the  main  part 
of  biogas  enhances  the  rate  of  radiation  and  leads  the  system  to  a 
better  distribution  of  the  heat  throughout  the  furnace. 
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Fig.  5.  The  temperature  profiles  along  the  central  axis  of  the  furnace  during  CH4 
conventional  combustion  and  biogas  flameless  combustion. 

5.2.  Various  specious  inside  the  chamber 

Fig.  6  depicts  volumetric  concentration  of  oxygen  and  C02  along 
the  second  half  part  of  central  axis  of  flameless  furnace  fueled  with 
biogas. 

The  distribution  of  oxygen  along  the  second  half  of  the  flame¬ 
less  furnace  was  uniform.  The  oxygen  concentration  recorded 
around  7%  for  biogas  flameless  mode.  The  low  oxygen  concentra¬ 
tion  and  the  uniform  temperature  over  the  biogas  auto-ignition 
temperature  guaranteed  the  appropriate  circumstances  for  the 
flameless  combustion  formation.  Regarding  the  C02  formation  in 
biogas  flameless  combustion,  very  high  C02  concentration  was  re¬ 
corded  due  to  the  additional  amount  of  C02  in  biogas  composition. 
It  is  noteworthy,  in  pure  CH4  combustion  with  an  excess  of  fresh 
air  of  21%,  the  maximum  C02  formation  in  the  fumes  recorded 
10.8%  whereas  biogas  conventional  combustion  with  the  same  ex¬ 
cess  air,  the  C02  constitution  in  the  fumes  was  measured  around 
22%.  The  uniform  concentration  of  oxygen  and  dioxide  carbon  re¬ 
corded  along  the  flameless  combustion  furnace  confirms  an  excel¬ 
lent  mixing  of  the  reactants  with  the  products  gases  throughout 
the  furnace  due  to  very  high  Reynolds  of  injected  preheated  air. 
Hydroxyl  radical  (OH)  formation  in  flameless  combustion  is  very 
sensitive  to  the  fluctuations  of  temperature  [31].  Medwell  et  al. 


Fig.  6.  Concentration  of  02  and  C02  along  the  second  half  part  of  central  axis  of 
biogas  flameless  furnace. 


[32]  pointed  out  that  hydroxyl  radical  (OH)  concentration  reduces 
when  the  volumetric  oxygen  concentration  in  the  oxidizer  de¬ 
creases.  Szego  et  al.  [28]  stipulated  that  the  CO  emission  in  flame¬ 
less  regime  is  higher  than  traditional  flame  due  to  low 
concentration  of  OH  radicals  which  control  the  CO  conversion  to 
C02.  Fig.  7  shows  monoxide  carbon  (CO)  and  Fig.  8  depicts  CH4  con¬ 
stitution  profiles  along  the  furnace  during  methane  conventional 
combustion  and  biogas  flameless  combustion. 

These  figures  indicate  that  the  species  patterns  of  the  burner 
fueled  with  methane  in  conventional  mode,  and  biogas  flameless 
combustion.  In  methane  traditional  combustion  mode  the  concen¬ 
tration  of  CO  was  recorded  around  30  ppm,  while  CH4  concentra¬ 
tion  was  around  0.5%.  This  result  indicates  that  the  complete  fuel 
combustion  occurred  in  the  zone  close  to  the  burner.  On  the  other 
hand,  in  biogas  flameless  combustion  regime  a  peak  of  CO  and  CH4 
was  recorded  at  300  mm  from  the  burner.  Then,  when  the  distance 
from  the  fuel  nozzle  increases,  the  CO  and  CH4  formation  decrease 
gradually.  These  results  confirm  that  the  region  of  reactions  is 
much  longer  in  flameless  combustion.  In  the  other  word,  the  com¬ 
bustion  phenomena  cover  the  whole  length  of  the  furnace.  The 
complete  oxidation  of  CO  and  CH4  in  flameless  combustion  mode 
is  obtained  due  to  the  high  velocity  of  reactants  and  turbulence 
condition,  the  high  temperature  of  the  preheated  air  above  the  bio¬ 
gas  self-ignition  temperature  and  the  oxygen  availability  through¬ 
out  the  chamber. 

5.3.  Pollutant  formation 

The  recorded  results  by  gas  analyzer  confirm  that  in  biogas 
flameless  combustion  regime  pollutant  formation  decreased  dras¬ 
tically  in  comparison  with  conventional  combustion.  Fig.  9  illus¬ 
trates  pollutant  concentration  in  the  exhaust  section  of  the 
chamber  in  biogas  flameless  mode. 

Pollutant  concentration  records  indicate  that  flameless  combus¬ 
tion  is  more  prone  to  CO  formation  than  traditional  combustion 
due  to  the  highly  diluted  circumstances  of  the  flameless  mode.  It 
means  that  low  concentration  of  oxygen  reduces  hydroxyl  radicals 
(OH)  formation  which  effect  on  conversion  of  monoxide  carbon  to 
dioxide  carbon  [33].  Indeed,  NOx  formation  is  suppressed  in  flame¬ 
less  combustion.  Based  on  Zeldivich  formulation,  some  parameters 
such  as  very  high  temperature  and  hot  spots  constitution  inside 
the  combustion  furnace,  resident  time  and  high  amounts  of  oxygen 
in  combustion  phenomena  plays  crucial  role  in  thermal  NO*  forma¬ 
tion  [34].  According  to  Fig.  5,  compared  to  the  traditional  combus¬ 
tion,  the  temperature  inside  the  furnace  is  lower  and  uniform  in 
flameless  mode.  Uniformity  of  the  temperature  inside  the  flame¬ 
less  chamber  and  consequently  avoiding  hot  spots  constitution, 
high  velocity  of  reactants  and  low  oxygen  concentration  in  this 
experiment  are  the  main  causes  of  low  NOx  formation  [35-37].  In 
the  other  word,  thermal  NO*  which  is  mentioned  as  the  main  re¬ 
gime  of  NO*  formation  is  eliminated  in  flameless  combustion  and 
other  inconspicuous  NO*  formation  regimes  such  as  prompt  NOx 
and  N20  intermediate  NOx  remained  [38-40].  Fig.  10  shows  the 
trend  of  NOx  formation  in  biogas  flameless  combustion  by  increas¬ 
ing  the  rate  of  temperature  and  oxidizer.  It  can  be  concluded  that 
more  access  air  and  increases  preheated  air  temperature  augment 
the  rate  of  NOx  formation  in  biogas  flameless  regime. 

6.  Energy  assessment 

In  order  to  calculate  the  energy  balance  of  the  biogas  flameless 
combustion  all  of  the  thermal  parameters  such  as  the  rate  of  en¬ 
ergy  enters  into  the  furnace  with  biogas,  and  the  fresh  air  that  en¬ 
ters  into  the  chamber  before  preheating  and  the  thermal  energy 
input  by  heater  were  taken  into  consideration.  In  biogas  flameless 
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Fig.  7.  CO  formation  profiles  along  the  furnace. 


Fig.  8.  CH4  constitution  profiles  along  the  furnace. 
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Fig.  9.  Pollutant  concentration  in  biogas  flameless  mode. 


operation  and  methane  traditional  combustion  the  rate  of  input 
thermal  energy  was  held  approximately  8  kW.  Indeed,  thermal 
power  of  auxiliary  heater  for  biogas  flameless  combustion  which 
was  applied  temporary  was  recorded  0.3  kW.  Also,  after  the  tem¬ 
perature  measurement  of  the  furnace  walls  and  considering  con¬ 
vention  and  radiation  heat  transfer,  the  heat  lost  from 
combustion  chamber  walls  was  calculated  1  kW  and  1.45  kW  for 
biogas  flameless  combustion  and  methane  conventional  combus¬ 
tion  respectively  in  steady  state  conditions  or  2  h  after  operation 


Preheated  air  temperature  (K) 


Fig.  10.  NO*  formation  in  biogas  flameless  combustion. 


Table  5 

Energy  assessment  of  the  furnace  fueled  by  methane  in  traditional  mode  and  biogas 
in  flameless  regime. 


Energy  balance 

Methane 

Biogas  flameless 

traditional 

combustion 

combustion 

Input 

Energy  of  fuel  and 

8 

8 

(kW) 

combustion  air 

Heater 

0 

0.3 

Heat 

Energy  losses  through 

1.54 

1.2 

loss 

the  furnace  wall 

(kW) 

The  output  energy 
through  the  emissions 

3.9 

2.7 

Output 

Input-heat  loss 

2.56 

4.4 

(kW) 

Efficiency  (%) 

32% 

53% 

based  on  the  outer  temperature  of  the  walls  and  applying  approach 
for  radiation  and  convection  heat  transfer  from  walls.  The  effi¬ 
ciency  of  biogas  flameless  combustion  was  calculated  53%  and  in 
conventional  methane  combustion  the  efficiency  of  the  chamber 
was  around  32%.  This  low  efficiency  was  occurred  because  in  tradi¬ 
tional  mode  all  of  the  combustion  products  were  conducted 
through  valve  4  to  exhaust  instead  of  energy  recovery.  Table  5 
demonstrates  energy  assessment  of  the  furnace  fueled  by  methane 
in  traditional  mode  and  biogas  in  flameless  regime. 

In  biogas  flameless  combustion  when  the  temperature  of  the 
exhaust  part  of  the  chamber  was  recorded  around  1050  and  half 
of  the  total  emissions  were  conducted  to  the  chimney,  the  heat  loss 
from  emissions  was  32%  of  total  input  energy.  Compared  to  the 
methane  flameless  combustion,  biogas  heat  loss  from  chimney  is 
higher  which  has  been  attributed  to  the  higher  radiation  heat 
transfer  from  high  amounts  of  C02  particles  [7].  However,  for 
methane  traditional  combustion  the  heat  loss  from  exhausted 
products  in  the  chimney  was  about  48%  of  the  energy  input.  To 
understand  the  importance  of  heat  recovery  in  traditional  combus¬ 
tion,  heat  exchanger  was  used  during  CH4  traditional  combustion. 
It  means  that  the  control  valve  4  was  closed  and  valve  5  opened. 
The  efficiency  of  the  chamber  augmented  to  44%  however  NO*  for¬ 
mation  increased  drastically.  In  biogas  flameless  mode  more  than 
82%  of  exhaust  gases  energy  was  recovered  in  heat  exchanger  to 
increase  the  temperature  of  fresh  air  and  around  18%  of  this  energy 
lost. 


7.  Conclusion 

Although,  biogas  resources  can  be  found  easily  in  every  point  of 
the  world  in  biomass  category,  biogas  utilization  has  been 
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encountered  some  dilemma  problems.  Presents  of  corrosive  gases 
such  as  water  vapor  and  H2S  in  biogas  combination,  high  costs  of 
biogas  purification  and  low  colorific  value  of  biogas  are  the  main 
obstacles  for  development  of  biogas  utilization.  These  corrosive 
materials  can  damage  the  equipment  during  biogas  purification 
or  direct  combustion.  Biogas  can  be  applied  directly  in  flameless 
combustion  without  substantial  changes.  Under  the  biogas  flame¬ 
less  combustion  the  performance  of  flameless  chamber  remained 
constant.  Indeed,  CO  and  NOx  formation  were  recorded  very  low. 
The  efficiency  of  biogas  flameless  combustion  is  higher  than  tradi¬ 
tional  mode  due  to  heat  recovery  of  exhaust  gases  in  heat  exchan¬ 
ger.  Heat  loss  from  the  emissions  in  biogas  flameless  combustion 
was  recorded  lower  than  traditional  mode  due  to  heat  recovery. 
Also,  the  high  concentration  of  C02  in  biogas  flameless  combustion 
products  causes  higher  heat  capacity;  better  radiation  heat  transfer 
and  higher  absorption  capacity  which  improve  the  performance  of 
heat  exchanger.  The  profile  of  CH4  and  CO  formation  inside  the 
chamber  indicates  that  in  biogas  flameless  combustion  the  reac¬ 
tion  zone  is  distributed  along  the  whole  length  of  the  furnace. 
Therefore,  the  temperature  inside  the  furnace  is  uniform  in  biogas 
flameless  mode  and  hot  spots  are  eliminated  and  thermal  NO*  are 
suppressed.  Indeed,  experimental  results  confirmed  that  increasing 
the  temperature  of  preheated  air  and  access  air  raise  the  rate  of 
NO*  constitution.  Also,  increasing  the  durability  of  equipment 
especially  burner  and  refractory  is  the  main  advantages  of  temper¬ 
ature  uniformity  inside  the  combustion  chamber.  Fuel  consump¬ 
tion  reduction,  low  noise  and  pollutant  formation  are  the  other 
advantages  of  biogas  flameless  combustion. 
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